The first 2000 incidents reported to the Australian Incident Monitoring Study (AIMS) were analysed with respect to the role of the electrocardiograph (ECG). Of these, 138 (7%) were first detected by the ECG. Of the 1256 incidents which occurred in association with general anaesthesia (GA incidents) 48% were "human detected" and 52% "monitor detected'; the ECG was ranked third and detected 121 (19%) of these monitor detected GA incidents. However over 98% of incidents first detected by the ECG were heart rate changes; they would also have been detected by a pulse meter or pulse oximeter which would have supplied additional information about the adequacy of peripheral per fusion.
Maintenance of cardiac function during anaesthesia is a vital component of ensuring adequate tissue oxygen delivery. The electrocardiograph (ECG), in monitoring the heart's electrical activity, has been used for many years in anaesthesia as an indicator of a range of parameters such as cardiac conduction and pacemaker function, coronary perfusion, and cardiac output. Although sophisticated devices such as transoesophageal echocardiography and Doppler cardiac output monitors are now available, they are currently too expensive or are impractical for everyday use in anaesthesia, and so the ECG is still frequently used as a routine "first-line" cardiovascular monitor. Both the Australian and New Zealand College of Anaesthetists I and the "International standards for a safe practice of anaesthesia" 2 currently recommend that an ECG be available for use on each patient undergoing anaesthesia, but, in contrast to the American Society of Anesthesiologists, 3 do not recommend it always be used.
We now know that major physiological changes can occur under anaesthesia with no change in the ECG signal. Chemoreceptor and baroreceptor responses are significantly blunted by the effects of anaesthesia 4.5 and severe hypotension or hypoxaemia may be associated with no changes in heart rate or rhythm. Also, until recently, it was widely believed that with appropriate lead selection and electronic filtering, most myocardial ischaemia was detectable using the ECG monitor. n. 7 However, the development of transoesophageal echocardiography has revealed that most myocardial ischaemia occurs with no change in the ECG trace. 8 Also, changes in ST segment configuration do not necessarily indicate myocardial ischaemia. Therefore, there is now substantial evidence that anaesthetists cannot rely on the steady' 'bleep" of the ECG monitor to indicate that their patients are not profoundly hypotensive or hypoxaemic. Indeed a normal ECG trace may lead to a degree of complacency in dangerous situations.
To help define the place of the ECG as a routine monitor, it was decided to study the first 2000 incidents reported to the Australian Incident Monitoring Study (AIMS) to obtain an objective indication of the applications and limitations of the ECG in clinical anaesthetic practice.
METHODS

Actual Incident Detection
Information of relevance to the ECG was extracted from the first 2000 incidents reported to AIMS. AIMS involves the voluntary, anonymous reporting of any unintended incident which reduced, or could have reduced, the safety margin for a patient. Details of the AIMS methods are provided elsewhere in this symposium. 9 All incident reports were studied in which the ECG was reported to have been the first monitor to detect an incident. Also, all information of relevance to the ECG was extracted from the paper in this symposium in which the role of monitors in patients undergoing general anaesthesia was examined. 10 
Theoretical Incident Detection
A theoretical assessment was also made, using criteria arrived at by consensus, of the potential value of the ECG in detecting all relevant incidents had the ECG been used on its own, and had the incident been allowed to evolve. 10 For this assessment it was assumed that the ECG would have been used from the time the patient arrived at the location at which induction of anaesthesia was to take place until the patient was discharged from the recovery ward. It was assumed that heart rate would be registered on a "beat-by-beat" basis by an audible signal with the alarm limits set at 50 beats per minute for bradycardia and 150 beats per minute for tachycardia, and that ischaemia and dysrhythmias would be visually detected after no longer than 5 minutes during a routine "scan" of the monitors.
RESULTS
The information of relevance to the ECG from the paper in this symposium on the role of monitors in the 1256 incidents which occurred in association with patients undergoing general anaesthesia 10 (GA incidents) is summarised in Figure 1 .
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Actual Incident Detection
Of the first 2000 incidents reported to AIMS, 138 (71170) were first detected by an ECG. Of these incidents 121 were amongst the 1256 GA incidents; these represent 19% of the 652 incidents in this group which were reported as being first detected by a monitor. In this respect the ECG was ranked third after the pulse oximeter (27%) and capnograph (23%) (see Figure 2 , p. 536). 10 Amongst the remaining 744 of the 2000 incidents the ECG was the first to detect an incident on 17 occasions ( Table 1) . The ECG was reported to fail on one occasion. However the ECG trace frequently remained unchanged at the time of gross physiological trespass. Nearly 10% of all the reports of incidents first detected by desaturation or severe hypotension specifically noted that the ECG did not change; these included several cases of desaturation to less than 60% and of absent peripheral pulses. An incident in which the ECG remained unchanged during severe hypoxaemia, hypotension, hypercarbia and acidosis is shown in Figure 2 .
Figure 1
The role of the ECG in patients undergoing general anaesthesia a , ranked by the number of times an ECG first detected an incident. a Data extracted from the paper in this symposium on the role of monitors undergoing general anaesthesia 1o . b 98% of the 1256 incidents deemed applicable to the study on the role of monitors in patients undergoing general anaesthesia were classified into 60 clinical situations. For further details see the relevant paper in this symposium 10. c Disconnection of breathing circuit/unintended extubationiventilator off, stopped, misassembled or failed.
Theoretical Incident Detection
In a theoretical analysis of the 1256 GA incidents it was considered that the ECG, used on its own, would have detected 550/0 of the 1256 incidents, had they been allowed to evolve. However, many of these incidents would not have been detected until there was potential for organ damage to have occurred (see below for discussion). 
DISCUSSION
Actual Detection of Incidents
Although the ECG was ranked third after the pulse oximeter and capnograph in being the first to detect an incident, 98070 of these incidents were heart rate changes which were reported as first detected by the ECG, but which could equally well have been first detected by a pulse meter or pulse oximeter (Figure 2 , p. 536). 10 In fact, in the theoretical analysis of the 1256 GA cases, the addition of the ECG to pulse oximetry and capnography increased the potential for monitor detection of incidents by less than O.50/0!0 Bradycardia: Bradycardia was the sixth most common incident reported after "failure to ventilate" and "circuit leak" ( Table 4 , p. 538).10 In 59 of the 68 incidents of bradycardia, the ECG was recorded as the monitor to first detect the incident. Despite oximetry being used in 63 of these cases it was reported to be the "first-detecting" monitor in only 2 incidents. Pulse oximetry would have detected these incidents as early as the ECG while adding useful information about haemoglobin saturation and peripheral perfusion.
The ECG-detected bradycardias could be divided into 2 groups. The first group, containing 34 incidents, FIGURE 2: This incident demonstrates the complete lack of sensitivity that the ECG may have in terms of providing some warning of severe hypoxaemia, hypercarbia and hypotension.
The patient was approximately 40 years old and required a repeat laparotomy for bleeding after an elective upper abdominal procedure some 12 hours previously. Although fit, and not on any drugs (other than post-operative opioids for pain relief), the patient may have aspirated some blood after the first procedure. Blood gas analysis was not done preoperatively. The central venous pressure was 8 cmH20. I. The patient arrived in the operating theatre and pulse oximetry, ECG and invasive arterial blood pressure monitoring was started. 2. The patient was induced with thiopentone and suxamethonium (after pre-oxygenation). 3. After some difficulty, the patient was intubated and ventilated by hand. Saturation fell rapidly to 40%, mean arterial pressure to 40 mmHg and the endtidal carbon dioxide was noted to be only 20 mmHg initially although it rose progressively to 70 mmHg. Assistance was called for, blood was infused rapidly, and the patient was hand-ventilated on 1000/0 oxygen. 4. The assistant took blood for blood gas analysis from the arterial line after diagnosing right endobronchial intubation and asking the first anaesthetist to withdraw the endotracheal tube. When analysed, this revealed an arterial oxygen tension of 28 mmHg, a carbon dioxide tension of 93 mmHg, a base excess of -11 mmolll and a pH of 7.0. The patient recovered fairly rapidly from what was, in retrospect, a generous dose of thiopentone, followed by endobronchial intubation probably of a bronchus serving a compromised lung. Postoperatively, diffuse infiltrates were noted in the right lung field, consistent with aspiration; the patient was transferred to the intensive care unit and required artifical ventilation with an inspired oxygen concentration of 40%. NOTE: The electrocardiograph did not change in configuration and the heart rate did not change noticeably during this sequence of events.
involved simple and relatively "benign" bradycardias, associated with minor physiological trespass and frequently occurring as a result of the use of anaesthetic agents. Twenty-two of these reports were submitted over a relatively short period of time by one reporter who was known to strongly advocate the routine use of the ECG during anaesthesia. Although this increased the numbers of ECG reported bradycardias, it was decided that there were no valid grounds to reject these data. The second group, containing 25 incidents, involved' 'severe" bradycardias. These were defined as bradycardias below 35 beats per minute or those associated with systolic blood pressure below 80 mmHg.
Overall analysis of these 2 groups revealed some common associations. Eleven incidents (19070 of bradycardias) were precipitated by the use of suxamethonium; 6 after the first dose and 5 after a second dose. Five of these bradycardias were classified as "benign" and 6 as "severe".
Bradycardia was precipitated by vagal stimuli such as ocular pressure and peritoneal traction in 9 incidents (15070 of bradycardias); 6 of these were classified as "severe". Four of these also involved the use of a combination of volatile agents plus vecuronium, fentanyl or both.
Tachycardia: Twenty-five of the 31 monitor-detected tachyarrhythmias were reported as being first identified by the ECG. These included 5 cases of ventricular fibrillation, 5 of ventricular tachycardia, 5 of atrial fibrillation and 2 cases of unidentified rhythms. In 7 cases ventricular ectopics were detected which settled without treatment. Tachyarrhythmias in association with central venous or pulmonary artery catheterisation occurred on 4 occasions.
Cardiac Arrest: For the purposes of this study, only the 25 incidents in which external cardiac massage (ECM) was applied and which were first noticed as an established cardiac arrest were classified under this category; 14 were first detected by the ECG. All cardiac arrests including those which initially presented as other problems (e.g. bradycardia) or which may not have received ECM are considered elsewhere in this symposium! 1
Ten cases of severe bradyarrhythmia required ECM. Four of these were in response to vagal stimuli such as eyeball pressure or peritoneal traction. In one incident the diagnosis was delayed as the anaesthetist was at the scrub sink washing his hands. A further 3 of these bradycardias occurred shortly after the administration of suxamethonium, one in a septic patient, one in a child after gaseous induction and one in a fit patient in combination with fentanyl. Of the remaining 3, one was in a patient with a leaking aortic aneurysm, one was in a child with severe congenital heart disease and one occurred following an allergic drug reaction.
Four cases of tachyarrhythmia required ECM. Three were in patients at significant risk of dysrhythmias; one was digoxin toxic, one occurred after accidental diathermy to the heart, and one occurred in a chronicaIIy bedridden patient after the administration of suxamethonium. AII developed ventricular tachycardia or fibriIIation. The other tachyarrhythmia was in a patient who developed spontaneous tachycardia, who was later investigated for a cardiac conduction defect.
Myocardial ischaemia: Six cases of myocardial ischaemia were reported, all of which were first detected by the ECG. Four cases involved ST depression intraoperatively in patients with known cardiac disease. In the fourth case, myocardial ischaemia occurred in a young man and was associated with hypoxaemia foIIowing difficulties with airway management and intubation at induction of anaesthesia. In the fifth, the ECG showed marked ischaemia prior to induction. This patient's preoperative ECG was then examined and showed a recent anterior myocardial infarction. The case was performed under local anaesthesia. The sixth case involved transient ischaemia and ventricular ectopic beats induced by a prolonged demonstration of intubation techniques for teaching purposes.
Although, for the vast majority of anaesthetic practice in Australia, the ECG is currently the only device available for the detection of myocardial ischaemia, it is now recognised that even with optimal lead selection and filtering modes the ECG will detect only a small percentage of cases of myocardial ischaemia. In practice, lead selection and display is frequently sub-optimal and in addition, filtering of the signal to minimise artefacts (e.g. using the ECG in "monitor mode") may mask ST segment changes. Nevertheless, ECG monitoring should be employed in any patient with a significant risk of myocardial ischaemia. In choosing to monitor for ischaemia, the anaesthetist should ensure lead selection is appropriate (with simultaneous display of more than one lead) and that the correct filtering of the signal is selected. 12, 14 Ai,. Embolus: Three of the 14 cases of air embolism first detected by a monitor were first detected by the ECG. In 2 of these cases there was simultaneous tachycardia detected by the ECG and a sudden fall in end-tidal carbon dioxide detected by capnography. These were reported as ECG-detected incidents. In the third case there was marked ST depression on the ECG after coming off cardiopulmonary bypass and air was 'lt1£1t.'\llie.\/a and 11I/('nSIW! Care, n)/. 21, /\"0, 5. OCfOber, 1993 subsequently aspirated from an aortic root cannula. Capnography was not in use in this case. Of the remaining cases of air embolism, 8 were detected by capnography, 2 by oximetry and 3 by blood pressure monitoring.
Hypotension: Six out of 66 cases of hypotension associated with general anaesthesia were first detected by the ECG. Five of the ECG detected incidents manifested as sinus tachycardia and one as profound bradycardia. Despite the fact that heart rate frequently remains unchanged in the presence of hypotension under anaesthesia, continuous monitoring of heart rate allowed earlier detection of these incidents than intermittent blood pressure measurement (non-invasive blood pressure measurement was used in all these cases). A pulse oximeter (used in 5 of these incidents) or a pulse meter would have detected these incidents equally quickly either by a rate change or loss of signal.
Anaphylaxis: Two cases of anaphylaxis were first detected by tachycardia noted on the ECG. Both were associated with hypotension, one detected using an arterial line and the other by a non-invasive blood pressure monitor. Oximetry was in use in both the ECG detected cases.
Total Failure to Ventilate: Failure of ventilation was the most common incident associated with general anaesthesia, and was first detected by a monitor in 94 instances. It was detected early and most frequently by a low pressure alarm (36) or by a capnograph (27 cases). On 15 occasions the pulse oximeter acted as a back-up when these monitors were not in use, were used incorrectly, or failed. The ECG first detected failure of ventilation in only one incident. This involved a circuit disconnection resulting in a marked bradycardia (lO beats per minute) requiring external cardiac massage for 5 minutes before adequate circulation was restored. Oximetry and capnography were not in use and the low pressure alarm did not sound. In no case of oximetrydetected ventilation failure did the ECG change; one reporter commented specifically on the lack of ECG changes despite an arterial saturation of less than 50070. The ECG, in contrast to the capnograph, is thus a very late detector of failure of ventilation, both in terms of time after the incident and of physiological insult. Failure of ventilation detected by ECG carries with it a significant risk of subsequent hypoxic brain damage.
Partial Failure to Ventilate: Hypercarbia was only once detected by the ECG, when a partial failure of ventilation resulted in hypercarbia and frequent ventricular ectopics. A pulse oximeter was in use but saturations did not fall below 90070. Capnography was not in use.
Hypercarbia due to Carbon Dioxide Absorber Problem: Only one case was first detected by the ECG.
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Pulmonary Oedema: This was a case of fluid overload during hysteroscopic endometrial ablation. ECG changes (no details given) and an increase in ventilation pressures preceded arterial desaturation to 93070. A 5 litre deficit in fluid balance was then discovered and subsequent biochemical analysis showed a serum sodium of 99 mmolll. It is not known whether there were conduction, ST segment or rate changes demonstrated on the ECG, but in this type of surgery where large fluid and electrolyte changes may occur, there is merit in monitoring cardiac conduction.
Awareness: Awareness was reported as "monitor detected" on one occasion only. This incident involved tachycardia under general anaesthesia for caesarean section, with the patient recaning intraoperative events on direct questioning postoperatively. Again, this is an example of ECG-detection of a heart rate change which an oximeter would also have detected.
Tension Pneumothorax Only one incident of tension pneumothorax was reported to the AIMS study. In this incident a malfunctioning underwater seal drain inserted preoperatively resulted in a tension pneumothorax after induction of anaesthesia. This was detected when the patient became tachycardic and hypotensive as noted on the ECG and by an arterial line. No oximeter was in use.
Theoretical Incident Detection
In the theoretical analysis of the 1256 GA incidents it was concluded that the ECG, used on its own, would have detected 55070 of the GA incidents, had each incident been allowed to evolve. 10 However it was also concluded that the ECG could not be relied upon to detect an incident before the potential for organ damage had occurred. Although the ECG frequently detects simple heart rate and rhythm changes causing minor physiological trespass relatively early, the AIMS data has confirmed that the ECG has such poor sensitivity for serious physiological changes such as hypoxia, hypercarbia and hypotension that it cannot even be regarded as a useful "back-up" monitor for these problems. Indeed a "normal" ECG in a dangerous situation may lead to a degree of complacency. Thus, because the anaesthetist cannot determine whether or not an ECG change represents a late change secondary to serious physiological trespass, the ECG was defined for the theoretical analysis to always detect an incident "late", i.e. when a potential for organ damage could not be excluded.
With respect to the appropriateness of the moni-toring "conventions" applied to each of the clinical situations for the theoretical analysis of the role of the ECG in the GA incidents, it would seem that the decisions made were reasonable ( Table 5 , p. 540).10 The ECG first detected 104 (86070) of the 174 incidents associated with general anaesthesia in which it was expected to do so. The ECG first detected a problem when it had been defined to do so but only after another monitor in 8 cases (7070), and first detected a problem in 9 cases (7070) when it had been defined not to do so. Most of these have been discussed above.
Limitations of the ECG
There was only one reported case of the ECG providing misleading information. A loose lead created a signal mimicking ventricular fibrillation. However an oximeter was in use which showed a regular pulse wave form, and the lead problem was corrected. Despite the fact that this incident was reported only once, this problem occurs quite frequently. 14 It demonstrates the advantage of always using a pulse oximeter which provides an index of the peripheral perfusion as well as a register of heart rate and rhythm.
Conversely, if the oximeter waveform alters, the anaesthetist cannot be comforted by a stable ECG signal because of the profound effects of anaesthesia on baroreceptor and chemoreceptor responses alluded to earlier. When the ECG did act as a "back-up" monitor, i.e. it detected an incident only because other monitors failed or were not in use, this was frequently associated with major physiological trespass such as profound arterial desaturation or with morbidity (e.g. a cardiac arrest).
CONCLUSIONS
The ECG was one of the earliest electronic monitors available for use in anaesthesia. Perhaps a reflection of this is its frequency of use; it was used in 88070 of 1256 GA cases. It must, however, be recognised that although it is the only readily available monitor for the diagnosis of myocardial ischaemia (its limitations in this repect having already been described), conduction defects and complex dysrhythmias, analysis of the AIMS data has shown that the majority of incidents are detected as early or earlier by monitors such as the oximeter and capnograph. These monitors also provide additional information about the adequacy of the circulatory and respiratory systems which cannot be provided by the ECG.
It is therefore highly recommended that the ECG be used as a first-line monitor in cases with a significant risk of myocardial ischaemia, dysrhythmias or conduction problems; it has been suggested that the use of suxamethonium, especially in ill patients, causes conduction problems sufficiently frequently for it to constitute an indication for the elective use of an ECG. 11 It is also advisable to use an ECG in any case in which loss of a pulse signal may be anticipated (e.g. expected major blood loss). However, because the ECG may detect serious problems so late, it cannot be regarded as a reliable back-up monitor for such problems. Indeed a normal, unchanged ECG signal should never encourage an anaesthetist to reject warning signals from other monitors. The ECG therefore may be regarded as an adjunct to, but does not replace, an oxygen analyser, pulse oximeter, capnograph, or high pressure alarm. An ECG should always be available but need not be used for young fit patients unless specifically indicated.
